Females of the inbred mouse RR strain have a limited ability to nurture their offspring, and frequently the young die during rearing. We previously identified a significant quantitative trait locus (QTL) responsible for the inferior nurturing ability on chromosome 5 (Naq1), on the basis of litter weight of six pups at days 7, 12, and 21 after parturition. Here, we carried out further mapping of Naq1 to define the confidence interval precisely. At the same time, we analyzed new quantitative trait variables, litter weight gain between days 7 and 12 (WG1), and that between days 12 and 21 (WG2), to characterize further the physiology of inferior nurturing ability . Consequently, a peak LOD score for the Naq1 was identified on D5Mit218 (72 cM), which was located approximately 2 cM distal to our previous expectation, as a significant QTL for WG1 (LOD 5.5), but not for WG2 (LOD 0.9). Because the growth of pups depends purely on milk obtained from the dam up to day 12 after birth, it seems possible to assume that the inferior nurturing ability in RR mice is related to defects in maternal nutritional support (that is, lactation) rather than to defects in pup growth. Naq1 is a novel QTL as far as the QTL results of relevant female reproductive traits in cattle and pigs are concerned. KEY WORDS: inferior nurturing ability, quantitative trait locus (QTL), RR mouse.
Female reproductive traits in mammals, such as ovulation rate, prenatal survival, litter size, duration of gestation, and lactational yield, are considered quantitative traits that are most likely controlled by more than one gene [quantitative trait loci (QTLs)] under the influence of environmental stimuli [12] . These traits are economically important in livestock, and underlying QTLs have actually been mapped in cattle and pigs [7, 9-11, 23, 25-27, 31] .
Maternal nurturing ability is also an important female reproductive trait in mammals, and is defined as the capacity to raise and protect offspring through lactation. Normal nurturing requires an adequate interaction between the mother and the young that comprises complex physiologic and behavioral processes [24] . Inadequate mother-young interaction or inappropriate maternal care of the offspring during the neonatal period leaves neonates vulnerable, and their mortality increases. Studies on several knockout mice with the consequence of defects in maternal nurturing behavior have been reported [Fosb (FBJ osteosarcoma oncogene B, chromosome 7) [2] , Prlr (prolactin receptor, chromosome 15) [17] , Oxt (oxytocin, chromosome 2) [22] , Mest (mesoderm specific transcript, chromosome 6) [15] , Peg3 (paternally expressed gene 3, chromosome 7) [16] , Dbh (dopamine beta hydroxylase, chromosome 2) [29] . The results of these studies clearly present evidence that the maternal nurturing ability is a trait that is controlled by multiple genes.
Mothers of inbred mouse RR strain have a limited ability to nurture their offspring, but otherwise they seem to be normal with regard to reproductive performance [6, 28] . RR mothers gave birth to normal number of young (an average litter size was 6.7); however, the newborn young had a low rate of survival until weaning (the weaning rate was 69.6% with respect to the number of offspring, and 50% of dams lost pups). Although further in depth behavioral studies are required, there is no crucial evidence to indicate that RR mothers have defects in maternal behavior (e.g., maternal neglect). Therefore, it is suggested that the underlying defect is related to maternal poor nutritional support; that is, poor lactation. We speculate that milk yield will be reduced in RR mothers, or altered milk constituents will decrease its nutritive value.
We previously identified a significant QTL (Naq1, Nurturing ability QTL 1) that is responsible for certain aspects of the inferior nurturing ability on chromosome 5 in RR mice, on the basis of the litter weight of six pups at days 7, 12, and 21 after parturition [28] . It was demonstrated that the allele from the RR strain was associated with reduced litter weight. However, the confidence interval of the Naq1 was too broad to make it possible to postulate plausible candidate genes. Therefore, the first aim in this study was to carry out further mapping of the Naq1 and a suggestive QTL on chromosome 9, to define the confidence interval of QTL precisely. At the same time, we analyzed new quantitative trait variables, litter weight gain between days 7 and 12, and that between days 12 and 21, for further characterization of the physiology of inferior nurturing ability in RR mice.
MATERIALS AND METHODS
Mice: All mice used in the present study were of inbred strains. KK females and C57BL/6J males were purchased from the CLEA JAPAN Inc. (Tokyo). The RR strain had been maintained in the authors' laboratory, and consisted of more than 125 generations of brother-sister mating. The RR strain was derived from Japanese fancy mice from a dealer in Sendai, Japan [6] . The KK strain was established in Japan by Dr. K. Kondo as a diabetic strain with moderate obesity [6] ; however, only male mice are prone to maturityonset diabetes. The effect of diseases on fertility at younger ages seems to be negligible, particularly in female mice. Therefore, the KK strain was used as a normal counterpart strain for producing F 2 mice. We define the RR strain as having R alleles, and the KK strain as having K alleles, throughout the genome.
KK females were crossed with RR males to produce KK × RR F 1 , which were intercrossed to produce KK × RR F 2 . Pregnant F 1 mice were housed individually to produce F 2 mice. All F 2 females were weaned at 30 days after birth, and three mice were housed together in each cage.
All mice were maintained in a temperature-controlled (22 ± 3°C), specific-pathogen-free room, with a regular light cycle of 12 hr light: 12 hr dark and a relative humidity of 50%. All mice were allowed free access to their diet [rodent pellet chow (CE-2, CLEA JAPAN Inc.)] and tap water throughout the experimental period.
Evaluation of nurturing ability: Because nurturing ability is a difficult parameter to measure, litter weight was used as an indirect, but reliable, measurable characteristic in this study. The use of litter weight as an indicator of nurturing ability is justified as follows: [i] The total body weight of a litter has been used as an indirect measure of a mother's milk production. Growth of pups has been shown to be attributable purely to milk obtained from the dam up to day 12 after birth [4] .
[ii] The nurturing ability of a mother can be measured by the body weight of her young at day 12 after birth, subsequent to standardization of the litter size at birth [19, 20] .
Three nulliparous F 2 female mice had been placed together per cage until 70 days of age, and then a C57BL/6J male of the same age was introduced into each cage. The pregnant F 2 females were then caged individually. On the day of delivery, pups were culled randomly or were supplemented with pups from other litters of the same date of birth, to be six pups per dam. Nurturing ability was evaluated on the basis of the total litter weight of six pups at days 7, 12, and 21 after birth (hereafter called LW7, LW12, and LW21, respectively). In addition, we adopted and analyzed litter weight gain between days 7 and 12 (WG1), and that between days 12 and 21 (WG2) as new quantitative measures. This was done for the following two reasons: [i] The nurturing ability trait may be more pronounced in the litter weight gain than in the single-point litter weight, because the litter weight gain reflects a consequence of cumulative influences of litter weight.
[ii] If the inferior nurturing in RR is indeed related to a poor maternal lactational yield, it is anticipated that the effect of Naq1 will be apparent in WG1, but not in WG2. Low weight (LW and WG) was considered an indication of inferior nurturing.
Of 192 F 2 females, 165 gave birth. The average litter size was 8.5 ± 2.9 (mean ± SD, range 0-15). At this point, we discontinued mating F 2 females with C57BL/6J males, because we obtained sufficient number of litters to perform subsequent QTL analysis. Of the 165 dams, six died accidentally during rearing, and 12 lost some or all (n=1-6) of their pups during rearing. Consequently, 147 dams each reared six pups successfully. An analysis was carried out on dams (n=147, hereafter "first analysis") that reared all six pups successfully and an alternate analysis was carried out on all dams (n=159, hereafter "second analysis") regardless of whether pups were lost during rearing. We considered it is appropriate to evaluate trait values from litters whose pups were lost, because RR pups had a low rate of survival and therefore litter weight should be reduced. In the second analysis, because the microsatellite genotypes could not be examined on the 12 dams that lost some or all of the pups, genotypes are labeled as missing data. QTL mapping and statistics: In addition to the previously typed 75 microsatellite markers (69 autosomal and 6 Xlinked, [28] ), four loci on chromosome 5 and four loci on chromosome 9 were newly genotyped. Microsatellite sequence length polymorphism was detected by electrophoresis subsequent to PCR. Amplification was carried out under the following conditions: 1 cycle at 94°C for 5 min; 35 cycles at 94°C for 30 sec, 55°C for 1 min, and 72°C for 45 sec; 1 cycle at 72°C for 7 min. All PCR products were electrophoresed on 10% polyacrylamide gels and identified by ethidium bromide staining.
Subsequent to the measurement of phenotypic variables and microsatellite genotyping, QTL analysis was carried out with the Mapmaker/EXP ver. 3.0b and Mapmaker/QTL ver. 1.1b computer programs [14] . The chromosomal region with a logarithm of odds (LOD) score of more than 4.3 (genome-wide threshold of statistical significance at the α=0.05 level) was recognized as significant linkage, and the region with a LOD score between 2.8 and 4.3 was recognized as suggestive linkage [13] . The α level for suggestive linkage implies the expectation that there will be one false positive in a genome-wide search. The mode of inheritance in each QTL was determined by comparison of the dominant, recessive, and additive models given by the Mapmaker/QTL program, in which a LOD score of 1.0 or a greater difference was used as the criterion. The statistical difference of mean trait values among the three genotypes partitioned by the closest marker to the peak LOD score of the putative QTL was analyzed by one-way ANOVA.
RESULTS
First analysis: Two additional trait variables, WG1 and WG2, were employed and analyzed in the present study. Scatter plots of the trait values from individual litters are shown in Fig. 1 . The mean ± SD value of WG1 was 14.3 ± 3.9 g (range, -2.85 -25.54 g), and WG2 was 26.1 ± 3.9 g (range, 15.11-33.87 g). It should be noted that there were litters with weight gain near or less than zero grams in WG1 (Fig. 1) . This may imply that litters with little weight gain in WG1 are caused not so much by impaired pup growth as by poor lactating ability of the dams. After pups began to feed on a chow diet by their own ability (WG2), they did not show evidence of defective weight gain, even if there were variations in litter weight gain among litters (Fig. 1) .
As previously shown, Naq1 is located on chromosome 5, with a peak LOD score at D5Mit161 (70 cM), but a peak LOD score of the Naq1 was defined by D5Mit218 (72 cM) in the present study (Table 1 and Fig. 2) . The Naq1 was a significant QTL for LW12 (LOD 5.4), LW21 (LOD 4.5), and WG1 (LOD 5.5), but did not reach even suggestive levels for traits LW7 (2.4) and WG2 (0.9) ( Table 1 and Fig. 2 ). With regard to WG1, the R allele at Naq1 was recessive to the K allele, and was associated with reduced litter weight gain ( Table 2 ). This locus explained 15.8 % of the F2 variance, with an additive effect of -2.096 g litter weight gain per R allele. The 1.5 LOD score support interval (equivalent to a 95 % confidence interval) of the Naq1 for LW12 lay from 68 cM to 80 cM, with the peak LOD score at D5Mit218 (Fig. 2) . Furthermore, when the conventional 1.0 LOD support interval was applied alternatively, the confidence interval of Naq1 was narrowed satisfactorily within a region from 72 cM to 76 cM.
We revealed previously that a locus on chromosome 9
was a suggestive QTL for LW21 (LOD 3.3). This locus was also a suggestive QTL for WG1 (LOD 2.9), but not for WG2 (LOD 2.5) ( Table 1 and Fig. 3 ). The R allele at this locus was dominant to the K allele, and was associated with reduced litter weight gain ( Table 2) . Because no separate QTLs were identified for litter size Fig. 1 . Scatter plots of litter weight gain of individual litters in first analysis (n=147). WG1: litter weight gain between days 7 and 12, WG2: litter weight gain between days 12 and 21. (number of pups), we evaluated the effect of Naq1 and the locus on chromosome 9 on litter size with a single-point statistical basis. As reported previously [28] , the D5Mit161 had an effect on litter size, and the R allele at the Naq1 locus was associated with reduced litter size. However, D5Mit218 did not have any effect on litter size. A locus on chromosome 9 also did not have any effect on litter size ( Table 2) . Second analysis: In the second analysis in 159 dams (the above mentioned 147 dams plus 12 dams that lost some or all of their pups), a significant QTL was identified again at D5Mit218, for LW12 (LOD 5.4), LW21 (LOD 4.4), and WG1 (LOD 5.9) ( Table 1) . With regard to WG1, this locus explained 22.8 % of the F 2 variance, with an additive effect of -3.038 g litter weight gain per R allele. On the other hand, a locus on chromosome 9 did not show even suggestive linkage for all traits examined (Table 1) . Thus, when the litter weight data from dams that lost pups were included in the analysis, the LOD scores on D5Mit218 (Naq1) became higher as a rule, and Naq1 explained larger variance with larger additive effect, compared with the results of the first analysis.
DISCUSSION
The results of this study further confirmed the presence of heritable factors that affect maternal nurturing ability. To date, we know that there are at least two QTLs on chromosomes 5 and 9 in RR mice. These QTLs particularly concern pup growth up to day 12 after birth, seemingly influencing maternal nutritional support, that is, lactation.
The inferior nurturing ability trait is strongly related to the WG1 period during rearing, and is not related as much to the WG2 period. This may imply that the primary cause of inferior nurturing ability in RR mice is related to a defect in maternal nutritional support, and is not related to a congenital defect of pup growth, because, during the WG1 period, the growth of pups depends entirely on milk from the dam, whereas, during the WG2 period, the growth of pups depends both on milk from the dam and on a chow diet. As a rule, LOD scores for LW12 were equivalent to those for WG1, whereas LOD scores for LW21 were higher than those for WG2. We consider that this may be because the effect of LW21 is overrated. The LW21 has been strongly influenced by the LW12, and therefore it is not an appropriate measure in evaluating the nurturing ability trait.
The peak LOD score of Naq1 for WG1 became higher in the second analysis. Furthermore, Naq1 explained larger variance with larger additive effect compared with the result of first analysis. We consider that the results further support the presence of Naq1, because the second analysis took physiologic characteristics that RR young had a low rate of survival into consideration. In contrast, we are doubtful whether there would be a QTL on chromosome 9, because even suggestive evidence of linkage was not identified for all traits in the second analysis.
We searched for candidate genes for Naq1 on chromosome 5 on condition that they were expressed in the mammary gland and that they were located within the 1.5 LOD support interval of the Naq1 locus. An MGI (Mouse Genome Informatics: http://www.jax.org) search showed that there are more than 30 genes that satisfy the above conditions (data not shown). Alternatively, when the conventional 1.0 LOD support interval was employed, there were still 12 genes that satisfied the conditions (Table 3) . These genes can be regarded as primary candidate genes for Naq1.
Nurturing ability trait in RR mice may have some relevance to economically important female reproductive traits in cattle and pigs. In cattle, QTL studies for milk production traits including milk yield, fat yield (percentage), and protein yield (percentage) have been carried out extensively, and many QTLs were identified on bovine chromosome 6 [7, 8, 18, 25, 30] . Interestingly, murine chromosome 5 was shown to be homologous to bovine chromosomes 4, 6, 17, a n d 2 5 , p a r ti c u l a r l y t o c h r o m o s o m e 6 ( h t t p :/ / bos.cvm.tamu.edu). On the other hand, in pigs, QTL studies for reproduction traits including ovulation rate, litter size, and prenatal survival have also been carried out extensively, and many QTLs were identified on swine chromosome 8 [1, 3, 10, 26] . Also, swine chromosome 8 was shown to be homologous to portions of murine chromosome 5 (http:// iowa.thearkdb.org), as well as murine chromosomes 3 and 8. However, regions for QTLs on bovine chromosome 6 and on swine chromosome 8 correspond to a region proximal to Naq1 (see below); therefore, Naq1 is a novel QTL as far as the QTL results of relevant female reproductive traits in cattle and pigs are concerned.
No separate QTLs for litter size were identified in the present study. This may partly be because litter size is a trait with relatively low heritability [5] . Indeed, although King et al. [10] identified a litter size QTL in a Meishan × Large White cross-population, Rathje et al. [26] failed to find it. Interestingly, in the King study, the litter size QTL was mapped coincidentally with the QTL for prenatal survival on distal swine chromosome 8, as mentioned above. This region contains the Spp1 (secreted phosphoprotein 1) locus as a genetic marker, which is located on bovine chromosome 6, and is located at 56.0 cM on murine chromosome 5. Therefore, we examined whether this region of chromosome 5 has an effect on litter size on a single-point statistical basis. The mean ± SD for litter size by marker genotype at D5Mit240 (59.0 cM) was as follows: RR: 7.7 ± 3.0, RK: 9.0 ± 2.5, and KK: 9.5 ± 2.4, P=0.01. Scheffe's post hoc test showed that mice with the RR genotype had a significantly smaller number of pups than did mice with the KK genotype. Incidentally, it has been reported that targeted inhibition of the Spp1 gene in the mammary gland leads to lactational deficiency [21] ; however, Spp1 is apparently located outside the confidence interval of Naq1, and therefore Spp1 is unlikely to be causative for Naq1.
The present study confirmed the presence of Naq1 on distal chromosome 5, and narrowed the confidence interval of Naq1 satisfactorily. Although a locus on chromosome 9 was a suggestive QTL, it showed linkage with WG1. Because these QTLs seem to be novel, identification of a causative gene has crucial importance for a further understanding of the genetic aspects of the physiology of maternal Table 3 . Genes that are located within 1.0 LOD score support interval of Naq1, and are expressed in the mammary gland ACKNOWLEDGMENT. This study was supported in part by a grant from the Ministry of Agriculture, Forestry and Fisheries, Japan.
